Abstract. Transport of trace metals (TMs) from the soil to a plant involves chemical, physical and biological processes (such as diffusion, adsorption, absorption, growth of a plant, transpiration rate, etc.) in the soil, the soil rhizosphere and in the plant itself. Because of the complexity of these processes and external factors (e.g. weather conditions, biotic factors, type of substrate, etc.) the processes are difficult to describe by mathematical formulas. Modelling of TMs transport to plants is even more complex than that of organic contaminants because, contrary to organic contaminants, TMs are essential for plant growth, metabolism, enzyme activity, etc. The octanol-water partitioning coefficient for TMs in plants gives only limited information about their accumulation, therefore, other coefficients, such as bioconcentration and translocation coefficients, must be incorporated. The aim of this work was to simulate transport of TMs (Zn, Pb, Cu, Ni and Mn) from the soil to tree seedlings by adapting a generalized model of contaminant uptake by plants. The model applied for transport of TMs from the soil to trees was created by Hung and Muckay. When employing this model for modelling transport of TMs from the soil, amended with industrial sewage sludge, to seedlings of coniferous and leafy trees, some adjustments were made by evaluating the equilibrium partitioning coefficient of TMs between octanol and water (K ow ); by introducing the equilibrium partitioning coefficient of TMs in the soil and water (K d ), which depends on the soil pH and the amount of organic matter; by introducing the coefficient (K T ) of TMs solubility in water as well as by introducing corrective coefficients. When using the Hung and Muckay's model of the transport of trace metals from the soil to tree seedlings, the results of modelling differed approximately by 6 % in leaves, 5 % in the stem and 8 % in roots as compared with those of measurements.
Introduction
Sewage sludge is one of the major waste management problems in many countries, especially in those following EU regulations that prohibit disposal in landfills. Other sewage sludge treatment methods, such as energy production, recycling, thermal destruction, treatment to reduce or remove hazardous constituents, are suggested, however, spreading of sewage sludge on natural and arable soils have received more attention.
Forest soils are more suitable for receiving sewage sludge for several reasons: (i) they have no direct link to human food chain [1] ; (ii) well managed sewage sludge can improve the forest soil quality because of high amount of organic matter [1, 2] ; (iii) adding of stabilized sludge can stimulate both height and diameter of trees (conifers) [2, 3] and increase survival when they are transplanted outdoors [2] ; (iv) because of large biomass and long vegetation period, forest trees attract attention for possibility to uptake metals [4] .
Although only some tree species (e.g. willows and osiers) are considered to be suitable for effective uptake of metals, there is a growing demand to use a wide range of tree species as a part of an integrated management of soil reclamation and forest regeneration following sewage sludge amendment [4, 5] . Not much information is available about the metal uptake by other tree species, such as pine, birch, alder, etc.
The uptake of trace metals (TMs) by trees is a complex process and its efficiency varies with different tree species, the soil properties (pH, redox potential, particle size and organic matter content), substrate conditions, sewage sludge age, metal content, metal availability, etc. [4] [5] [6] [7] . Furthermore, it is reported that metals may have different affect on trees, especially on tree seedlings. There are evidences that these elements may inhibit root growth [8, 9] , decrease availability of essential elements [10] , modify morphology and architecture [8] , inhibit protein and enzyme functions [11, 12] , reduce plant ability to access and transport soil resources (e.g. water) [13] or have no visual affect on pine, birch and black alder seedlings [6] . With a notable increase within the first year of growth [14, 15] a decline of metal concentration in different tree species was recorded after three years [16] .
For effective planning, design and application of trace metal bioaccumulation in trees, mathematical models have emerged as a valuable tool, which, after extensive adaptation, will enable to evaluate economic value of tree bioaccumulation.
Transport of TMs from the soil to a tree covers a set of chemical, physical and biological processes in the soil, the tree and an interaction zone between the tree roots and the soil, e.g. diffusion of TMs in the soil and tree, adsorption and absorption, partitioning of TMs between air, water, soil and roots, flow with transpiration flow, etc. The complexity of processes, the impact of external factors, such us climate conditions, type of substratum, etc. make simulation of this process more difficult.
Models to simulate uptake of TMs by plants as distinct from organics uptake must take into consideration the fact that some of TMs are essential for plant organism to stimulate growth, metabolism, enzyme activities, etc. This could be partially assessed with equilibrium partitioning coefficient for TMs between octanol and water (K ow ). Bioaccumulation and translocation coefficients could also be valuable in TMs transport model.
This study presents a model of TMs transport from the industrial sewage sludge, spread on the soil, to seedlings of trees, based on the simplified model of the transport of contaminants from the soil to plants designed by Hung and Muckay [17] . The model evaluates the transport of TMs to plants from two media -the soil and airand computes concentrations of contaminants in three plant compartments: roots, the stem and leaves. The uptake of TMs from the soil to plants depends on the coefficients of partitioning of contaminants in various media (the soil, water, transpiration flow, etc.) as well as on metabolic rate, steady coefficients of contaminant concentration, and diffusion.
The objective of this study is to apply the model of Hung and Muckay for evaluating the transport of TMs from the soil to seedlings of coniferous and leafy trees.
Methods
To model TMs uptake, seedlings of pine (Pinus sylvestris), birch (Betula pendula) and black alder (Alnus glutinosa) grown on an experimental site in Panevėžys region (at E024 o 34'38.8''latitude and N55 o 43'31.6'' longitude, Lithuania) were selected (Fig 1) .
In 1998 the experimental site was amended with industrial wastewater sludge and a year later seedlings of trees were planted there. A detailed description of the investigated site, the soil and tree sampling is given in the previous publication [18] .
The Hung and Muckay's model [17] applied in this study computes transport of TMs from the soil to plant roots, from the roots -to the stem, from the stem -to the leaves, from the leaves -to the air and backwards. The transport and transformation of TMs in the soil and plants is defined by TMs equilibrium partitioning in different media, the metabolic rate, diffusion coefficients, and the growth rate of different plant compartments. Variable and input values are presented in Table 1 . Equations involved in the model for computing concentrations in roots (C root ), the stem (C stem ) and leaves (C leaves ) are given below. The description and the units of variables are given in Table 1 .
The steady state of contaminant concentrations in different plant compartments is calculated using equations (4), (5) and (6): 
where T L , T S , T R -the total half-life for leaves, the stem and roots, respectively, h. The model does not involve contaminant-specific processes, therefore, the transport of different contaminants can be simulated.
Seeking to adapt the model for TMs uptake by tree seedlings, the model has been adjusted:
• values of equilibrium partitioning coefficient between octanol and water (K ow ) were specified for TMs; • partitioning coefficient between the soil and water (K d ) was introduced with TMs specific values. K d depends on pH and the amount of soil organic matter; • coefficient (K T ) of TMs solubility in soil solution was introduced; • corrective coefficients were introduced. Table 2 gives parameters with TMs specific values based on references.
This paper presents simulation of TMs transport from the soil, amended with sewage sludge, to the roots, stem and leaves of a coniferous and leafy tree seedling.
The investigated territory represents an area far away from technogenic TMs sources, and thus concentrations of TMs in the air as well as their transport from the air to a tree through leaves and needles are considered negligible Densities used for simulation are 863 kg·m -3 for pinewood, 878 kg·m -3 -for birch wood and 827 kg·m -3 -for black alder wood [23] . The mass of sewage sludge volume accounted for 1520 kg·m -3 . The volumes of roots, the stem and leaves were experimentally determined and constituted 0.001 m 3 , 0.002 m 3 and 0.00013 m 3 , respectively for leafy tree seedlings, and 0.001 m 3 , 0.003 m 3 and 0.00013 m 3 , respectively, for coniferous tree seedlings. The metabolism rate in roots, the stem and leaves was left as suggested by the model authors because these values were used when assessing physiological processes in maples [24] .
When modelling the transport of TMs to tree seedlings, the concentration of TMs in the soil was equalled to the sum of concentration of TMs in sewage sludge and background concentration of TMs in the surrounding soil (Table 2) .
Although the layer of sewage sludge spread on the soil was up to 3 cm, the results of other researchers suggest that during one year bioavailable forms of TMs, where the major mass of large and, in particular, fine roots playing the main role in nutrients uptake are concentrated, has reached the soil depth of 10-20 cm [6] .
A part of both bioavailable and potentially bioavailable forms of the total TMs concentration was theoretically determined from previous investigation and accounted for 0.3 (K T ) [6, 25] .
The duration of modelling is 6 years, but the focus is not on the time period, but on a steady state of TMs concentrations in tree seedlings computed using equations 4, 5 and 6. Previous studies suggested that the most active uptake of TMs by tree seedlings occured within the first year after tree planting [6] . Simulation results in coniferous (pine) tree compartments varied: from 25.9 to 66.5 mg·kg -1 for Zn; from 2.22 to 9.59 mg·kg -1 for Cu; from 28.8 to 179.1 mg·kg -1 for Mn; from 15.9 to 20.9 mg·kg -1 for Ni; and from 0.41 to 3.27 mg·kg -1 for Pb. Simulation results for Pb and Zn showed a tendency to decrease from root upwards, whereas in case of Mn, the tendency was quite the opposite. Only a slight difference was found for Ni concentration within tree compartments, whereas the highest concentration of Cu was simulated in the coniferous tree stem.
Results and discussion
Corrective coefficients used to adapt the model to experimental results varied from 1.0 to 3.0 for uptake to roots, from 0.1 to 0.6 for transport from roots to the stem and from 0.1 to 9.0 -for uptake from the stem to needles.
Simulation results in leafy (birch and black alder) tree compartments varied: from 141 to 270 mg·kg -1 for Zn; from 2.51 to 11.45 mg·kg -1 for Cu; from 84.7 to 118.8 mg·kg -1 for Mn; from 19.2 to 24.2 mg·kg -1 for Ni and from 0.01 to 3.30 mg·kg -1 for Pb. Mn and Zn showed the same tendency as observed in the experimental datato increase from roots upwards, whereas both simulation results and experimental data for Pb showed the opposite trend. Speaking of Cu, the highest concentration was found in the stem, whereas the difference between Ni concentrations in compartments varied only slightly within the range of standard error values.
Corrective coefficients for leafy tree simulation ranged from 1.0 to 3.0 for root uptake; from 0.25 to 0.35 -for stem uptake and from 0.5 to 4.0 for uptake of TMs to leaves.
Simulation results showed that applicability of Hung and Muckay's model to simulate TMs transport from the soil to the compartments of tree seedlings is highly dependent on values of many processes occurring in the soil, the plant itself and also the interaction zone of soilplant and corrective coefficients.
The affinity between corrective coefficients was found for some TMs: for leafy trees -between Zn and Cu (1.5) and Ni and Mn (3.0) for uptake by roots and between Pb, Mn and Cu -for uptake from roots to the stem (0.25). In simulation of coniferous trees, some affinity was determined between corrective coefficients for Ni and Mn (3.0) for uptake by roots; between Zn and Pb (0.1) for uptake from roots to the stem; for Zn, Pb and Cu (0.1) for uptake from the stem to needles. Such approximate values of corrective coefficients between some of the TMs may show affinity in uptake of these TMs by tree seedlings. Mean values of corrective coefficients were 2.0 for root uptake, 0.28 -for stem uptake and 2.9 -for leave uptake in leafy trees and 1.8 for root uptake, 0.31 -for stem uptake and 2.56 -for needle uptake in coniferous trees.
Conclusions
1. When using the Hung and Muckay's model of the transport of contaminants from the soil to plants, adapted to tree seedlings under experimental conditions, the results of modelling differed by around 6 % in leaves, 5 % in stems and 8 % in roots as compared with those of the experimental data.
2. The applied model is easy to adapt to particular conditions because it uses coefficients the values of which can be changed according to the required conditions (e.g. for different types of trees, simulation period, changes in soil properties, etc.) 3. More data on TMs uptake by trees is required to prove suitability of the Hung and Muckay's model for TMs uptake by higher plants. It is also very important to determine the volume of tree roots, the stem and leaves and the metabolism rate of different types and age of seedlings.
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